Tomato seedlings (Lycopersicon escukntum Mill. cv Vendor) were grown hydroponially with their root systems maintained at a constant temperature for a 2-week period commencing with the appearance of the first true leaf. Based on fresh and dry weight and leaf area, the optimal root-zone temperature for seedlin growth was 30°C. The carbon exchange rate of the leaves was also found to increase with rising root-zone temperature up to 30°C. However, a more complex relationship seems to exist between root-zone temperature and the accumulation of 14C-labeled assimilates in the roots; inasmuch as there is no enhancemnt in this accumulation at the most growth promoting root-zone temperatures (22-300C).
The effect of heating the plant root-zone or soil has been studied mainly to ascertain the minimum temperature required to insure satisfactory plant growth. Although root-zone temperature has been shown to affect tomato plant growth, the physiological basis for this response has not been thoroughly investigated. Most studies (4, 11, 13, 17) have elicited increased growth with warmed roots (25-30°C) and a decrease in growth when roots were cooled below ambient with a sharp decrease in growth noted at temperatures below 15.0°C (14, 23) .
It has been demonstrated that the metabolic activity of a sink region can be modified by adjusting its temperature (21) . Alterations in the source-sink relationship through modifications of their respective strengths have been shown to influence the translocation rates of sucrose from source leaves to sink regions (20) reflecting increased or decreased demand by these sinks. Furthermore, a correlation between sink-controlled translocation rates and photosynthetic rates of leaves which supply those sinks has been demonstrated (18) . It is hypothesized that the physiological basis for increased growth of tomato plants at warm rootzone temperatures may be due to the effect of increased sink activity of the roots on increasing the CER2 of the leaves.
The objective of this study is to relate the growth response of tomato seedlings to relative translocation and photosynthetic rates of plants grown at various root-zone temperatures. In ' ROOT-ZONE TEMPERATURE EFFECTS IN TOMATO enhanced metabolic rate. Retranslocation of "C-assimilates coupled with increased root respiration and possibly rapid incorporation into nonsoluble root components at a root-zone temperature of 30°C contributed to the lower than expected level of "IC-assimilate detected in those roots, although the relative contribution of each has not been determined. The rapidity of the metabolism of basipetal translocated carbon compounds in the root and the retranslocation process over a range of day/night temperatures has been demonstrated by Hori and Shishido (8) using the bilateral plant method. Although their results neither support nor refute our interpretation of low "C levels in 30°C root-zone temperature roots, they do demonstrate that the general phenomena of retranslocation occurs in tomato and is effectively manipulated by plant temperature.
While high rates of retranslocation and respiration might account for the low levels of "C detected in roots of plants maintained at 30°C root-zone temperature, even less 14C would be expected to accumulate in roots of plants grown at 35°C, assuming that the retranslocation and respiration processes are accelerated even further by raising temperature above 30C, but this did not occur. The fact that death occurred when these roots remained in contact with the 35°C nutrient solution after 1 week indicates that while initially root respiration and retranslocation might have been accelerated by warming to 35°C all metabolic processes soon decline. After 35°C root-zone temperature would have initially stimulated 14C assimilates to accumulate in roots, the inability of these roots to subsequently metabolize these assimilates by retranslocation or respiration could have accounted for the high level of 14C detected there at the end of the 24-h translocation period. Indeed, it is well known that invertase activity which has been related to sink strength increases with increasing temperature well past 35°C which could account for the initial 14C deposition in the roots until root cell integrity was lost due to prolonged periods ofexposure to excessive heat (35C).
It has become obvious from the above discussion that the lack of information on general root metabolism, the retranslocation process and, the timing of root death at 35°C has lead to a great deal of ambiguity in interpreting the data resulting from rootzone temperatures of 30°C and 35°C. It is felt that more conclusive interpretation of these data lies in emperically defining these parameters.
Carbon Exchange. Net CO2 fixation rates of leaves of plants grown in various root-zone temperatures for long periods (17 d) increased with increasing root temperature on a per leaf (Fig. 3) , leaf area (Fig. 4) , and dry weight (Fig. 5) basis. Net CO2 fixation per leaf on a short term basis (48 h) increased with increasing root-zone temperature up to 30C after 10 h and continued for a 48-h period (Fig. 6) .
Although CER can be independent of leaf area, the fact that plants grown in higher root zone temperatures up to 30C had correspondingly greater leaf areas, indicated that root-zone temperatures affected the CER of these plants, in part, by affecting their leaf areas. The higher CER on a leaf area and dry weight basis implies that even though plants grown at 30°C had thinner leaves (Table I) , their leaves were more photosynthetically active than plants grown at warmer or cooler root-zone temperatures.
No direct biochemical evidence is presented herein to connect root-zone temperature to a changing CER. It is speculated, however, that the uptake of phosphorus by the root or the rate of translocation of assimilated carbon into the root may be the mechanism through which a changing root-zone environment regulates CER.
In this study, plants grown in low root-zone temperature (15.6°C and lower) environments exhibited purplish coloration on the underside of their leaves symptomatic of phosphorus deficiency. Total leafphosphorus content was shown to be 0.73% of the leaf dry weight at a root temperature of 21C and to increase to 0.92% at 26.5°C, thus correlating with an increase in total plant dry weight as the root temperature was raised (12) . Maletta (12) also reported a decrease in total plant dry weight as the root temperature was increased from 26.5°C to 32°C accompanied by a corresponding decrease in the leaf phosphorus content from 0.92% to 0.48%. Wilcox et al. (23) by adding phosphorus to tomato plants grown at cooler root-zone temperatures (1 5.5°C) found that the additional phosphorus partially reduced the stunting effect of low root-zone temperature. The biochemical basis for phosphate regulation of sucrose and starch synthesis is treated in depth in a review by Giaquinta (7). High intracellular phosphate levels would encourage the synthesis of sucrose which is exported in favor of starch synthesis. High levels of leafstarch and other carbohydrates have been implicated in reducing CER (2) . In addition, phosphate has been shown to regulate the Triose-phosphate/phosphate translocator (7), and the photosynthetic carbon reduction cycle by regulating the stromal (ATP)/(ADP) ratio (22) and ultimately carbon fixation.
In addition the response of CER to root-zone temperaures could be due to the high rates of translocation of recently fixed assimilates elicited by increasing sink strength. Root sink strengthening by warming (30C) could ultimately be responsible for removing large quantities of sucrose from the leaf mesophyll cytoplasm via a phloem sucrose-gradient thereby releasing phosphate from its immediate precursor sucrose-6-P. In a detailed study of the effects of increased sink demand on soybean source leaves (20) , it was demonstrated that increased demand for assimilates was followed by increased levels of photosynthesis, sucrose translocation, and intracellular phosphate in the export leaf.
It seems then that root-zone temperature may control leaf phosphorus by absolute uptake and possibly through translocation which regulates phosphorus turnover and availability. Although a phosphorus deficiency is commonly attributed to the sensitivity of uptake rates to low root temperature, phosphate in leaf cells may in addition be bound in inactive pools (i.e. sucrose-6-P under low sink demand) hampering physiological function of leaf cells.
Starch. Leaf starch content was approximately twice as high on both a dry weight and leaf area basis of plants grown in a cool root-zone environment (1 5.6C) as compared with leaves of plants grown in warmer root-zone environments, 30°C (Table  II) . This is indicative of a starch buildup concomitant with a decrease in CER. While this seems to be consistent with the starch feedback inhibition (of photosynthesis) theory at low rootzone temperatures, the stimulation of CER at 30°C above the level attained at 22°C seems to be unrelated to starch. Apparently, the additional assimilates accumulated by increased CER at 30°C root-zone temperature were diverted to the translocation pool and the starch pool levels were unaffected by higher levels of photosynthesis.
It is clear from this study that increasing root zone temperatures increased the translocation rate into that sink and the increase correlated well with CER ofleaves supplying those roots. Moreover, it may be explained that the increased growth at warmer root-zone temperatures resulted from higher CER in leaves, with CER parlleling growth (compare Fig. 1 to Fig. 6 ).
Although an alteration in root sink activity apparently was the dominant feature resulting from root-zone temperature modification changes in water absorption, ion uptake, stomatal resistance, root growth factors (15) , and other unidentified physiological processes could have collectively contributed to the growth effect of root-zone temperature.
